Environmental impacts associated to different waste treatments are of interest in the decisionmaking process at local, regional and international level. However, all the environmental burdens of an organic waste biological treatment are not always considered. Real data on gaseous emissions released from full-scale composting plants are difficult to obtain. These emissions are related to the composting technology and waste characteristics and therefore, an exhaustive sampling campaign is necessary to obtain representative and reliable data of a single plant. This work proposes a methodology to systematically determine gaseous emissions of a composting plant and presents the results obtained in the application of this methodology to a plant treating source separated organic fraction of municipal solid waste (OFMSW) for the determination of ammonia and total volatile organic compounds (VOC). Emission factors from the biological treatment process obtained for ammonia and VOC were 3.9 kg Mg OFMSW -1 and 0.206 kg Mg OFMSW -1 respectively. Emissions associated to energy use and production were also quantified (60.5 kg CO 2 Mg OFMSW -1 and 0.66 kg VOC Mg OFMSW -1 ). Other relevant parameters such as energy and water consumption and amount of rejected waste were also determined. A new functional unit is presented to relate emission factors to the biodegradation efficiency of the composting process and consists in the reduction of the Respiration Index of the treated material.
Introduction
Solid waste management, and particularly its organic fraction, is becoming a global problem in developed countries. At present different technologies are being applied to reduce landfill destination of organic wastes, improving recycling of organic matter and nutrients (European Commission, 1999) , as landfill is responsible for a considerable contribution to global warming (Mor et al., 2006) . Among the emerging technologies to treat the organic fraction of municipal solid wastes, anaerobic digestion and composting are widely considered as environmentally friendly technologies. For instance, Spain presents an exponential growth of such technologies, although it is difficult to find reliable up-to-date data on plants in operation at national level. In Although the objective of a waste treatment plant is to safely transform wastes to less pollutant and/or hazardous substances or, when possible, useful products reducing their possible impact to the environment, there are some inherent environmental loads associated to organic wastes recycling in large-scale facilities. Odour emissions and atmospheric pollution are the most common, although energy and water consumption coupled with leachate generation also need to be considered in these facilities. Two main groups of studies on the environmental performance of organic waste treatment plants can be found in the literature: those exclusively focused on the atmospheric emissions of the biological treatment process itself and those related to the overall impact derived from these plants, which, in addition to atmospheric emissions, include energy consumption, wastewater generation and waste transportation to finally perform a Life Cycle Assessment (LCA) of the waste treatment scenario. Another emerging group of works is focused on the importance of gaseous releases towards the occupational and non-occupational exposure to these chemicals and its associated risks, as reported in recently published studies (Tolvanen et al., 2005; Domingo and Nadal, 2009 ).
Important conclusions can be obtained from atmospheric emissions studies. Composting plants present numerous odour and pollution sources, including reception and materials handling, forced aeration composting, stock piling, etc. Gaseous emissions in composting facilities are typically constituted by nitrogen-based compounds, sulphur-based compounds and a wide group of compounds denominated Volatile Organic Compounds (VOC) (Eitzer, 1995) .
Among the nitrogen-based compounds released to the atmosphere, ammonia has received much attention because it can be easily identified from other composting odours, it often represents the main nitrogen gas emitted during composting and it can be released in large amounts. Reported ammonia emissions in a composting process of organic fraction of municipal solid wastes (OFMSW) vary between 18 and 1150 g NH 3 Mg waste -1 (Clemens and Cuhls, 2003) whereas peaks of ammonia concentration up to 700 mg NH 3 m -3 have been detected in exhaust gases from wastewater sludge composting facilities (Haug, 1993) . In studies performed at laboratory level with different wastes it was shown that ammonia emissions exhibit a clear correlation with process temperature, reaching maximum values during the thermophilic period (Pagans et al., 2006a) . Aeration rate, pH and initial total ammonium nitrogen are other factors influencing directly ammonia emissions in a composting process (Beck-Friis et al., 2001; Cronje et al., 2002; Grunditz and Dalhammar, 2001 ).
Another main group of gaseous pollutants emitted from composting facilities are VOC.
According to Eitzer (1995) , who undertook an exhaustive characterization of the different VOC emitted at the different stages of the composting process, most VOC in composting plants are emitted at the early stages of process i.e. at the tipping floors, at the shredder and during the initial forced aeration composting period. Other authors related the presence of some VOC and its concentration to the odour nuisance level (Defoer et al., 2002; Mao et al., 2006) . Incomplete or insufficient aeration during composting can produce sulphur compounds of intense odour, whereas incomplete aerobic degradation processes result in the emission of alcohols, ketones, esters and organic acids (Homas and Fischer, 1992) . Van Durme et al. (1992) identified dimethyl sulphide, dimethyl disulphide, limonene and α-pinene as the most significant odorous VOC at a wastewater sludge composting facility. According to this work, the latter two compounds were released from wood chips used as bulking agent. At laboratory scale, total VOC concentration in exhaust gases from composting processes of different wastes has been also studied and it was concluded that the highest concentrations of VOC were emitted during the first 48 h of process (Pagans et al., 2006b ). These authors also stated that VOC emissions could not be correlated with the biological activity of the process, contrarily to the case of ammonia. In addition to odorous disturbance that VOC can cause, the presence of xenobiotic VOC in gaseous emissions from municipal solid waste composting has also been reported (Komilis et al., 2004) .
Literature reports many studies on Life Cycle Assessment (LCA) of solid waste management and/or treatment processes (Lee et al., 2007; Blengini, 2008; Banar et al., 2009 ). However, a common trend in most works published is a lack of field full-scale data corresponding to real processes working under real conditions. In LCA analysis of waste management systems including a large number of processes, it is obvious that general assumptions must be made:
gaseous emissions of the vehicles used for waste transportation, distances between collection points and waste treatment installations, waste composition, quantities and type of waste generated during treatments, etc. (Eriksson et al., 2005; Emery et al., 2007) . However, special care should be taken in the use of bibliographic data on scenarios different to that for which the data were obtained. This practice can lead to a final environmental analysis with considerable errors in the results obtained, since the type of technology, the waste composition and the quality of process management will strongly influence the results (Fricke et al., 2005) . In waste management, theoretical LCA studies with different waste treatment and handling operations use different data sources to overcome the difficulty of obtaining reliable data from studies carried out with the same waste in the same area (Güereca et al., 2006) . In addition to these limitations, the use of data obtained at laboratory scale is not recommended as in most cases process conditions at laboratory scale do not correspond to those of a full-scale treatment plant (Szanto et al., 2007) . Moreover, LCA studies focused on a particular organic solid waste treatment facility are scarce.
According to these considerations, data obtained by means of rigorous field studies in Therefore, the main objective of this work is to develop a methodology to determine the overall emission of any chemical compound in full-scale composting facilities, since this is one of the environmental issues presenting a considerable lack of experimental data. As a case study, ammonia and total VOC are the selected pollutants studied in a composting facility treating source-separated OFMSW including in-vessel forced aeration composting and aerated-windrow curing. As a second objective, a new functional unit based on solid-state respirometry is also presented with the aim to include the plant performance related to the extent of organic matter biodegradation and stabilization in the values of emission factors for each analysed compound.
Experimental methodology
The methodology proposed to determine gaseous emissions associated to a composting plant is This methodology has been applied to a composting plant located in Catalonia (Spain) treating source separated OFMSW. A schematic representation of this plant and the overall mass balance in the most important operations of the composting process is presented in Figure 1 . Specifically, the decomposition phase takes place during two weeks in closed composting reactors with controlled aeration, watering and gas collection and treatment by means of a wet scrubber and a biofilter, whereas the curing phase is carried out in forced-aerated windrows open to atmosphere without gas collection during a period of 6-8 weeks. The studied period presented in this work corresponds to year 2007. Although data obtained is only representative of the studied system, the methodology applied can be used in any other type of composting plants using different composting technologies.
Step 1: Data collection on plant characteristics and operation
The collection of data is systematically carried out using a specifically-designed questionnaire.
Plant characteristics are classified into general, historical and socio-economical data and they include information such as plant capacity, soil occupation, characteristics of the final product obtained (compost) including amount and product destination, the quantities of waste treated and energy and water consumptions and other plant operation data. It is interesting to have reliable data on plant operation in order to relate the values of gaseous emissions obtained to these data and propose emission minimization options, if necessary. Plant operation data is then grouped and related to process main operations, i.e. reception, pre-treatment, waste decomposition phase, curing phase and post-treatment including type of process (composting technology), turning and/or aeration periodicity, watering, amount of rejected materials obtained from pre and posttreatment operations, type and amount of energy used (electric or fuel) and characteristics of the equipment and machinery used.
Step 2: Determination of atmospheric emissions
The pollutants studied in the present work were ammonia and total VOC. This group includes practically all types of hydrocarbons such as alkanes, alkenes, alcohols, ketones, aldehydes, organic acids, terpenes, etc., although the identification of single compounds present in VOC was out of the scope of this work. Ammonia was analyzed in situ using an Industrial Scientific multigas sensor iTX-T82 (Oakdale, PA, USA) with an ammonia detection range from 0 to 200 mL m -3 and a temperature range from 20 to 50ºC. Total VOC were determined in the laboratory by gas chromatography (see Step 3) from gas samples obtained in the plant using 1 L Tedlar bags and a gas pump (SKC Universal de Luxe, Eighty Four, PA, USA).
The sampling methodology has been developed under the assumption that (i) gaseous emissions from the decomposition phase that takes place in closed composting reactors with air collection and treatment are limited to those released from the external surface of the biofilters and (ii) gaseous emissions from the curing phase are those released from curing windrows external surface. A systematic data collection on air velocity and gaseous compounds concentration in external surfaces of biolfilter and curing windrows was undertaken with minimal variations in the sampling methodology applied to these two types of emitting surfaces. The procedure followed is explained bellow: Differences among values obtained at each point of measurement were compared by means of a standard Student's t-test with a confidence of 95%.
Calculation of total ammonia and VOC emitted: data obtained from emission measurements during a single sampling day were represented in a three dimension graph with windrow length and perimeter in x and y axes respectively. The centre of the windrow was taken as the (0,0) point in the graph. Ammonia or VOC mass flow value per square meter were placed in z-axis to obtain an emission surface for each pollutant. The three dimension emission surface was then projected in a two dimension graph (windrow perimeter at x-axis and windrow length at y-axis), where each pollutant emission per area unit is presented as iso-emission curves.
Multiplying the pollutant mass flow per area unit by the corresponding area in the graph resulted in the compound mass flow and the sum of the different quantities obtained corresponds to the total mass flow of a pollutant (g s -1 ).
Finally, values of pollutant mass flow obtained for each sampling day were represented versus process time. The area below the curve obtained corresponds to the total mass of a given pollutant emitted throughout the composting process analyzed.
Emissions of carbon dioxide and VOC associated to energy consumption in form of diesel and electricity were also determined on the basis of the data provided by plant managers (ammonia was negligible in this case). Carbon dioxide emissions from the biological decomposition process are considered neutral as carbon emitted in this form has been previously fixed from the atmosphere by the organic matter under decomposition (Rabl et al., 2007) .
Step 3: Laboratory analysis
Initial and final materials obtained during the composting process were sampled for analysis.
Integrated samples were taken in order to obtain representative values (Barrena et al., 2006) . which measures the rate of oxygen consumption and it is usually conducted to determine compost stability (Gea et al., 2004) . RI was determined as described in Barrena et al. (2005) and expressed as mg O 2 g organic matter -1 h -1 .
Total VOC content from gaseous samples was determined as total carbon content (C-VOC) by direct injection of sample in a gas chromatograph (Agilent Technologies 6890N) using a flame ionization detector (FID) and a dimethyl polysiloxane 2 m x 0.53 mm column (Tracsil TRB-1, Teknokroma, Spain). This column permits the determination of the total C-VOC in a unique peak. The volume injected was 250 µL and the analysis time was 1 min. The gas chromatography operating conditions were as follows: oven temperature isothermal at 200ºC, injector temperature 250ºC, FID temperature 250ºC; carrier gas helium at 1.5 psi pressure. Data were acquired and quantified by the Empower® 2 software (Waters Associates Inc., Milford, USA) (Colón et al., 2009 ). n-hexane (99.9 % purity) was used to quantify the VOC concentration in mg C m -3 (Spingo et al., 2003) . The calibration curve was obtained by injecting different amounts of liquid n-hexane in a sealed Tedlar bag of known volume and analyzing a sample of the resulting gas (Torkian et al., 2003) . A triplicate repetition was performed for each VOC concentration and the observed error of the method was below 10 %.
Step 4: Calculation of emission factors
Gaseous emissions generated in the treatment process are related to one Mg of OFMSW treated in the plant. This functional unit will permit future comparisons with other composting plants of different capacity.
In addition to gaseous emissions, data on water and energy consumption collected in Step 1
were also related to the same functional unit as were the emissions associated to energy consumption. These emissions were calculated following the BUWAL 250 (Bundesamt für Umwelt, Wald und Landschaft, Swiss Agency for the Environment, Forests and Landscape) inventory implemented in Simapro 7.0 (PRé Consultants, Amersfoort, The Netherlands).
Electrical power generation was considered according to sources contribution profile for Spain as described in the BUWAL database. This can be changed according to the location of each plant studied.
Another functional unit was also used in this study in order to relate emissions, water and energy to the real performance and extent of the biological treatment process. This new functional unit was the reduction in the biological activity of the material measured with the Respiration Index (RI) as reported in previous studies (Gea et al., 2004; Ponsá et al., 2008; Barrena et al., 2009 ).
Results and discussion

Emissions case study
The composting plant studied treated 6082 Mg of OFMSW per year using pruning waste (1285 Mg yr -1 ) as bulking agent. The plant occupies 16000 m 2 and employs 5 workers including the plant manager. Waste reception and waste pre-treatment and post-treatment areas ( Figure 1 ) were located in a closed building with air collection and renewal. Air treatment was performed by means of a wet scrubber followed by a biofilter. Exhaust air from the composting reactors is also sent to the gas treatment units. Electric energy was used during in-vessel composting and windrow curing to provide the desired aeration whereas fuel was necessary for the machinery used for pre and post-treatment operations as well as for material transportation to the different areas of the plant. It is important to highlight that the first three days forced aeration in curing piles was constant (24 hours/day); after this initial period intermittent aeration (15 minutes on/15 minutes off) was used throughout the rest of the curing stage. Water necessary for moisture adjustment during the composting process, biofilter watering and in the wet scrubber came from a municipal wastewater treatment plant (WWTP) sited next to the composting plant. Water from the scrubber and leachate from composting reactors are re-sent to the WWTP for treatment.
Rejected materials (impurities such as plastics, glass and metals in OFMSW separated from organic matter during pre-treatment operations and from final compost during material posttreatment) are daily collected from the plant and transported to a sanitary landfill. Table 1 presents data on VOC concentration and air flow at the biofilter external surface. Two samples were taken each day during the studied period. As the values of gas velocity and contaminant concentration at the different sampling points on the biofilter surface were not statistically different (p>0.05), the existence of preferential pathways for the gas passing through the biofilter media was not considered in this case and VOC and ammonia concentration were determined in one of the sampling points established. In Table 1 a clear difference can be observed from day 21 until the end of the studied period due to operational changes and tests carried out in the biofilter and the previous scrubber, thus the quantity of VOC emitted from the biofilter was calculated taking into account only data collected from day 0 to 21. Although this is a limitation of this study, the calculations necessary to obtain VOC overall emissions under any possible operational condition of the biofilter using the proposed methodology are relatively simple. Additionally, this fact demonstrates the suitability of the proposed methodology to detect changes occurring in gaseous emission sources. Assuming that during these first 21 days the biofilter was under optimal conditions, the calculated total VOC emission from the biofilter was of 0.006 kg VOC Mg OFMSW -1 . Ammonia was not detected in the biofilter emission during the entire measurement period. reported to be strongly related to the process conditions (especially temperature and aeration rate), the composition of the waste and the ratio of bulking agent used (Pagans et al., 2006b ).
In addition to the emissions from the composting process detailed above, Table 2 presents carbon dioxide and total VOC emissions derived from the production and use of the energy consumed in the plant (electricity and diesel). Contribution of VOC emissions associated to diesel consumption to the total emissions of these compounds should be highlighted. Table 2 also includes all the data on input and output flows associated to the composting plant studied (materials, energy and water) determined using the specifically-designed questionnaire explained 
Environmental impact and functional unit
Data on Table 2 will permit the characterization and comparison of the different technologies used in OFMSW composting from an environmental point of view by considering the amount of resources consumed (energy and water), waste diverted to landfill and final compost produced per ton of OFMSW treated. Emission factors for the different compounds (ammonia, total VOC and carbon dioxide) are also of high interest when comparing the composting technology used with other waste treatment possibilities in terms of atmospheric pollution and also global warming potential. All these ratios can be considered as environmental performance indicators of a waste treatment plant. They are also crucial to perform an accurate Life Cycle Assessment.
However, it is also interesting to relate the emissions determined and other environmental performance indicators to the real efficiency of the composting process developed in terms of material stabilization and biodegradation. The need of a parameter that permits to relate the environmental indicators of a composting process to the biodegradation level achieved for the organic matter (by means of O 2 consumed or CO 2 produced) has also been stated by Amlinger et al. (2008) . These authors proposed the ratio between methane produced and total CO 2 emissions as an indicator of the efficiency of the aerobic decomposition process and also the ratio between kg CO 2 equivalent (obtained by computing N 2 O and methane emissions and total CO 2 produced) to relate greenhouse gases emissions to the efficiency of aerobic decomposition and organic matter transformation. However, this procedure implies to measure all the biogenic CO 2 produced in the composting process to have an efficiency unit to refer all the environmental impacts.
Another possible approach is to use a global aerobic activity indicator such as respiration index.
This seems a more straightforward indicator to evaluate the extent and efficiency of a biological process because it only needs to collect an initial sample (OFMSW) and a final sample (compost) to calculate the difference in the oxygen uptake rate, which is in fact the stabilization achieved in the composting plant. This is also carried out in wastewater treatment plants, but in that case the Biochemical Oxygen Demand is used as measure of the initial and remaining oxygen uptake rate.
In the case of the studied plant, RI initial and final values of the treated material were 5.8 and 1.08 mg O 2 g OM -1 h -1 respectively, which corresponded to 81% of reduction in the biological activity of the material. If the values of the different emission factors in Table 2 Table 3 . However, this novel approach has not been previously described in literature, and therefore no comparison can be presented. The importance of referring the environmental impacts to both functional units (mass of treated waste and biodegradation efficiency) relies on the fact that the environmental impact per mass of waste can be directly used in LCA studies to compare different composting technologies or waste treatment alternatives, whereas in the case of using the biodegradation efficiency as functional unit the values obtained can help in the detection of problems in the plant operation and for the proposal of measures intended to improve the process by reducing the most significant environmental impacts.
Conclusions
A methodology has been developed and successfully applied to determine total VOC and ammonia emissions in a composting plant. Ammonia was detected in gaseous emissions from the curing aerated windrows but it was not detected in the biofilter exhaust gases. VOC were present in both gaseous emissions sources. Emission factors of 3.9 kg NH 3 Mg OFMSW -1 and 0.21 kg VOC Mg OFMSW -1 for the composting process were determined when the treatment of one Mg of OFMSW was considered as the functional unit. Although in this study the methodology developed has been applied to a specific configuration of a composting plant, it can be applied to different technologies and wastes.
A new functional unit was proposed to reflect the efficiency of the composting process in terms of biological activity and biodegradation level achieved in the material treated. The respiration index (RI), a global aerobic activity indicator, was selected for this purpose. Thus, gaseous emissions have been also related to RI reduction achieved in the process (from 5.8 to 1.08 mg O 2 g OM -1 h -1 , which corresponded to 81% of reduction in the biological activity). The functional unit proposed can help in presenting the emissions of a composting plant on a more realistic basis since, for instance, low emissions can be incorrectly interpreted as low impacts if they are due to an inefficient biological process. To refer the gaseous emissions, a value of RI of 0.5-1 mg O 2 g OM -1 h -1 has been proposed as an indicator of compost stability in some European regulations (Barrena et al., 2005) , although there is still no consensus on the way to determine biological stability .
Emissions associated to energy consumption and water needs and rejected waste production were also determined for the studied plant and related to both functional units used. 
